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An optical beam rider making use of a light sail comprising two opposing diffraction gratings is
experimentally demonstrated for the first time. We verify that the illuminated space-variant grating
structure provides an optical restoring force, exhibiting stable oscillations when the bigrating is displaced
from equilibrium. We further demonstrate parametric cooling by illuminating the sail with synchronized
light pulses. This experiment enhances the technical feasibility of a laser-driven light sail based on

diffractive radiation pressure.
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Light-driven sails navigate through space by transferring
momentum from natural light sources such as the Sun or
engineered sources such as lasers to the sailcraft. Motivated
by the potential to reach solar escape velocities or relativ-
istic speeds, laser-driven sails have attracted considerable
scientific attention over the past several decades [1-11].
Modern photonic metamaterial technologies offer the
potential to create thin actively controlled diffractive films
that provide optomechanical characteristics such as a high
momentum transfer efficiency and switching between
diffraction orders. A uniform passive diffraction grating
provides a force that is independent of the illumination
point [12—14]. In contrast a space variant grating such as a
“bigrating” [15], and variants thereof [16], may provide a
position-dependent force. Thus a space-variant grating may
be designed to function as a “beam rider”. A laser-driven
beam rider must produce self-action both to pull the sail
into the beam path when disturbed and to inhibit tumbling
[8,17-20].

Here we report on a fundamental experiment that verifies
the predicted optomechanical stability provided by a
diffractive light sail. We demonstrate that a bigrating
comprising two adjacent grating panels having equal and
opposite grating vectors provides a position-dependent
restoring force. Furthermore we prove that the system
may be used as a parametric oscillator, allowing forced
damping [21-24], excitation [25,26], or control [27,28] by
use of a time-varying laser beam. The latter opens new
opportunities for both space and terrestrial applications
such as energy harvesting, optomechanical cooling
(described below), and photonic sensing [29,30]. The
bigrating model in this Letter, which is constrained to
1 degree of freedom, may be generalized to a fully space-
variant structure having 3 degrees of freedom, which is
beyond the scope of this Letter.

The optomechanics of a bigrating diffractive beam rider
may be understood by examining Figs. 1(a) and 1(b), which
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depict two diffractive panels (A and B), each of width L.
Ideally each panel diffracts the incident beam of half-width
wy into a single diffraction order, as depicted, resulting in
positive (negative) components of radiation pressure force
F . on panel A (B). A stable equilibrium point is expected at
x = 0, i.e., when the beam equally illuminates both panels.
Both panels experience the same longitudinal component
of force F, (not shown), which does not affect our
experiment and is therefore ignored below [13].
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FIG. 1. Transverse restoring force vs displacement of the

bigrating. Laser of radial size w, illuminating (a) panel A
(x <0) and (b) panel B (x > 0). (c) Position-dependent force
profile calculated from Eq. (1) (solid line) and the “tanh” model
(dashed line). Potential energy landscape (dotted line). (Inset)
Integrated beam profile of measured beam [ g(x, y)dy.
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The position-dependent force profile on a given panel is
related to the overlap integral of the measured beam
intensity profile 7(x,y) = P;g(x,y) across the respective
panel, where P; is the incident beam power, and g(x, y) is
the normalized profile function: [ g(x,y)dxdy = 1.
Assuming that the beamwidth is smaller than the panel
size, wy < L, and that the beam is centered on the panels in
the y direction, the net force may be expressed:

Fx<x) = FX,A + Fx,Bv (la)
L 0

Fop= Fo/ / g(x = x';y)dx'dy, (1b)
-LJ-L

L L
Fop= —Fo/ / g(x = x';y)dx'dy, (1c)
-L JO

Fo = nAP;/Ac, (1d)

where F|) is a scaling force [12], c is the speed of light, and
n=">_ . mm is the diffractive force efficiency, where 17, =
P,,/P; and where P,, is the power diffracted into the mth
order (see Table I). The force near the equilibrium point at
x = 0 may be approximated

F.(x) ~ —Ftanh(x/wy), (2)

as illustrated by the dashed line in Fig. 1(c). For the
measurements described below, n = 0.73, 1 = 808 nm is
the forcing laser wavelength, and A = 6 um is the grating
period. For example, the position-dependent force depicted
in Fig. 1(c) (solid line) was determined for a beam of width
wy = 2.1 mm and panels of widths L = 12.7 mm. The
potential energy associated with this force, plotted in
Fig. 1(c) (dotted line), indicates an equilibrium point at
x =0, as expected.

Near equilibrium, the bigrating experiences a restoring
force with an approximate radiation pressure stiffness

Kgp = _de/dx|x=0 ~ _de/dx|x=0 = FO/WO' (3)

We find that the approximate stiffness value agrees with the
experimentally determined value (described below) to
within 4%: Kgp = (1.9 4£0.2) x 107 N/m for a beam
of width wy = 2.1 £ 0.05 mm.

TABLE 1. Experimentally determined fractional power for
mth order diffraction 7,,, specular reflection 7, ,, and diffuse
scattering 7.

/) n-1 Mo m Uy Mr0 Un
Panel A 0.006 0.773 0.015 0.051 O 0.107 0.048
Panel B 0 0.051 0.015 0.773 0.006 0.107 0.048

We designed a micrometer thin space variant bigrating
comprising nematic liquid crystals having its anisotropy
axis—the director—rotated in the grating plane over a
spatial period A [Figs. 2(a) and 2(b)]. The cycloidal rotation
directions are opposing in panels A and B [Fig. 2(c)],
resulting in equal and opposite grating vectors [31] for a
circularly polarized beam of light. The diffraction effi-
ciency of such gratings theoretically reaches 100% for
radiation wavelength meeting half-wave retardation con-
dition. To provide structural support, the layer was adhered
to a 100 um thick polymer film. The net mass of the square
25.4 x 25.4 mm? bigrating was M, =0.12 g. Owing to the
opposite handedness of the director rotation, a circularly
polarized incident beam diffracts in opposite directions, as
depicted in Figs. 1(a) and 1(b). For a beam at normal
incidence, the dominant first order diffraction angles are
given by 0, = £sin~! (1/A) = £7.74°. We get 91.5% of
the unscattered, transmitted light into the = 1 order for
panels A and B.

To observe the reaction of the bigrating to either a
constant or a time-varying beam of light, we attached it to
one arm of a torsion oscillator at a vacuum pressure of
1.4 x 107® Torr = 1.8 x 10~* Pa, as depicted in Fig. 3 (the
other half of the torsion arm which includes a balancing
mass is not shown). The torsion arm of length R = 0.11 m
was suspended by a 25 ym diameter tungsten filament of
length 0.24 m. A small mirror was attached to the torsion
arm at the pivot to provide a means of measuring the
deflection angle 2¢ of a low power tracking laser beam.
Time-lapse photographs of the tracking beam were
recorded on a screen at a distance D = 1.75 m. A small
angular displacement of the bigrating, ¢, produces a
lateral displacement of the tracking beam S, which is also
related to the linear displacement of the bigrating,
x: ¢~ S/2D ~x/R.

The torsional equation of motion of the mounted
bigrating subjected to a time-dependent force F,(z) may
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FIG. 2. (a) Diffractive beam rider mounted on the pendulum
under unpolarized white light. (b) A panel of the diffractive beam
rider under a polarization microscope. (c) Director orientation in
the cycloidal diffractive wave plates of opposite sign.
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forcing
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FIG. 3. Partial top view of torsional pendulum with arm of
length R that pivots from equilibrium owing to radiation pressure
on a bigrating from a forcing laser. Angular displacement ¢ is
obtained from the recorded position on a screen of a tracking laser
reflected from a mirror at the pivot.

for convenience be expressed as a function of the dis-
placement x rather than the angle:

Jd*x/di* +2(J /7)dx/dt + kpx(1) = F (1)R?,  (4)

where J = (1.16 £ 0.01) x 107 kgm? is the calculated
moment of inertia [32], k; = (27/T()*J = (1.99 % 0.04)x
107 Nm/rad is the torsional stiffness of the tungsten
filament, T, = 151.8 = 0.8 s is the measured natural oscil-
lation period when F (1) =0, and 7 = (568 £ 5.5)7T is
the measured natural decay time.

To verify the existence of a light-induced restoring force,
we measured the step function response of the torsion
oscillator, bringing the beam power from zero at < 0 to a
value of P, = 1.2 W (F, =0.39 +0.03 nN) at > 0, so
that F (1) = F(x)u(t), where F,(x) may be approximated
by Eq. (2) and u(¢) is a step function. The instant = 0
corresponds to the state where the excited oscillator passes
through equilibrium, x(# = 0) = 0. In the linear regime
where |x/wy| < 1, radiation pressure may be understood as
an additional source of torsional stiffness: kgpp =
KgpR?> = (2.3 £0.2) x 107 Nm/rad. Thus we expect a
corresponding frequency shift, Aw = o’ — wy, where wy =
Vkp/J =2r/Ty = (4.14 £ 0.02) x 1072 was determined
from a measurement of the free oscillation period T, and
o' =\/k'[] =2x/T', where k' = k; + kgp. We measured
the period 7" =141.8 £0.6 s. A comparison of these
stiffness-based (@'|y) = (4.37 £0.34) x 1072 rad/s and
period-based («'|7) = (4.43 £ 0.02) x 1072 rad/s expres-
sions of frequency are in good agreement.

As further evidence of a light-induced restoring force, we
compare the amplitude of oscillation before and after the
optical step function described above. Instantaneous stiff-
ening may be described as an energy conserving process
[28]:  Eo= (1/2)k;@} nax = E' = (1/2)K ¢/,  where
Po.max And Phax = Po.max — A¢p are the respective oscilla-
tion amplitudes for # <0 and 7> 0. Assuming that

A¢ = Ax/R < 1, we predict a decrease of the oscillation
amplitudes:

A = Po maxkrp/2(ky + krp), (Sa)
Ax = xoKgp/2(K; + Kgp), (5b)

where xy = R¢py max 1s the oscillation amplitude for ¢ < 0.
Inserting foregoing stiffness values and the measured
value xy = 1.35 mm, we predict a value Ax = 0.070 &+
0.001 mm (or 5.2% of x,), which agrees with the measured
value of Ax e, = 0.070 = 0.005 mm.

As a final demonstration of the restoring force model of
the bigrating, we experimentally measured parametrically
driven damping (or ‘“cooling”) by synchronizing laser
illumination with the phase of the torsion oscillator.
A square wave modulation of the laser power at twice
the oscillator frequency was applied (see the inset of Fig. 4)
at a beam power P; = 1.5 W and beam size wy = 3.1 &
0.05 mm (i.e., Fy =0.49 £ 0.04 nN). The light-induced
torsional stiffness corresponds to kgp = (1.9 +0.2)x
10~ Nm/rad. The forcing laser was controlled to illumi-
nate the beam rider when the condition x(#)v(¢) > 0 was

satisfied:
- F,. if x(t)v(t) > 0,
FoO={, o )
0 if x(r)v(r) <0,
where v = 0x/0t. The modeled response (the dotted line in
Fig. 4) making use of Eq. (2) and the fourth order Runge-
Kutta numerical technique agrees with the measured
displacement (the solid line in Fig. 4), further validating
our understanding of the system. The oscillation envelope
of the parametrically driven bigrating was found to exhibit
exponential decay (the dashed line in Fig. 4):

Xenv(1) = X9 exp(=t/7") (7)

with a measured decay time 7/ = 1791 +24 s.

Again using energy arguments and a Hooke’s law
approximation, we predict the decay time for an arbitrary
value of the scaling force, Fy (or kgp). Using the phased
forcing protocol described by Eq. (6) and depicted in the
inset of Fig. 4, we note the following sequence for one
complete cycle, starting from an oscillation maximum ¢,:
(a-b) free oscillation for an interval Ty/4 with energy
E,,=(1/ Z)quﬁf,; (b—c) stiffened oscillation for an inter-
val T’ /4, reaching an amplitude ¢, at point ¢ and an energy
Ep. = (1/2)(ks + kgp)@% = E,pp; (c—d) free oscillation
for an interval T,/4 with energy E.,= (1/2)k;p%
(d—e) stiffened oscillation for an interval 7’/4, reaching
an amplitude ¢, at point e with energy E;, =
(1/2)(ks + kgp)? = E. 4. The period of the full cycle
is given by T" = (Ty+ T')/2 = 148.4 s. The algebraic

244302-3



PHYSICAL REVIEW LETTERS 123, 244302 (2019)

6 e . |——measured| |
Ny Xenu(t)=Xo €Xp(-t/7")  |....... modeled
4t S|y [ =1791+24(s) |= — envelope ||
2 L
€
Eo0
x
-2
-4 = 01
LY T=148.4(s) J
-6 ‘ ‘ o(t) c
0 1000 2000 3000 4000
Time (s)

FIG. 4. Parametric cooling of a bigrating using square wave
laser modulation at twice the oscillation period. Measured (solid
line) and numerically modeled (dotted line) oscillations agree.
The oscillation envelope (dashed line) shows exponential decay,
with decay time 7. (Inset) Radiation pressure force F,(f)
synchronized to the oscillation angle ¢ (7).

relation between ¢, and ¢, is readily found: ¢, = k;¢p,/
(ky + kgp). Setting ¢, = ¢, exp(=T"/7"), we obtain the
decay time,

' =T/ Infky/ (ks + kee). (8)

which agrees well with our numerical model and the
experimental datum, as shown in Fig. 5.

In summary we reported on experimental demonstrations
of self-stabilizing attributes of a diffractive bigrating beam
rider. A radiation-pressure-induced restoring force was
predicted and experimentally observed by use of a vacuum
torsion oscillator. Radiation pressure in effect stiffened the
oscillator, resulting in a higher frequency and a smaller
amplitude of oscillation. What is more, we demonstrated
parametric cooling by synchronizing the radiation pressure
with the oscillator state. These results suggest an important
technological step forward in the development of laser-
driven sailcraft for in-space propulsion. Our one-
dimensional bigrating may be generalized in future work
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FIG. 5. Parametric cooling decay time 7" as a function of the
transverse radiation pressure force F\.

to a radial grating or other space-variant designs to achieve
three-dimensional optomechananical stability. In general,
self-stability may be achieved with either a reflective or a
transmissive grating structure, provided it diffracts light
toward the center axis. Greater stability occurs for large
diffraction angles, but at the expense of less longitudinal
force along the axis of the incident beam. Owing to
difficulties imposed by the small value of radiation pressure
compared to the gravitational acceleration of Earth, we
propose demonstration missions either aboard the
International Space Station or using CubeSat technology.
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